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Abstract Synthesis and subsequent stabilization of gold nanopartides within propylthiol-functionalized mesoporous MCM-41 (SH-MCM-41)
material is reported. The method, where the chloroauralc ions are reduced via surtace silanol groups of the SH-MCM-41 material to form uniform-sized 
gold nanoparticles consequently anchored to the host matrix through the -SH functionality, is quite simple and environmentally benign as there is no 
need to add any external reducing agent. The nanogold-SH-MCM-41 material is an example of an morgamc-organic hybrid material and was 
characterized by XRD, UV-Vis, TEM, XPS, XRF, TG-DTA and ad.sorption measurements.
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1. Introduction
The discovery of ordered M41S type molecular sieves [1,2] has 
opened up new vistas in catalysis [3] and materials science [4]. 
The most widely exploited member in the M41S family is MCM- 
41, which possesses hexagonal packed array o f non­
interconnecting cylindrical channels. These materials have 
extremely high surface area (> 1000 m^ g“‘) and pore diameter 
ranging from 2-10 nm, which could be accessible for larger guest 
molecules [5]. Recently considerable attention has been paid 
towards surface-modification of these mesoporous materials by 
reactive organic functional groups such as propylthiol 16), which 
allows specific control over surface properties [7], This 
propylthiol-functionalized MCM-41 (SH-MCM-41) material 
could be employed as support for metallic [8] and semiconductor 
nanoparticles [9] to form novel advanced organic-inorganic 
hybrid materials.
During the past few decades there has been significant 
interest tow ards understand ing  the size-dependent 
physicochemical properties of gold nanoparticles due to their 
immense importance in catalysis [10], optoelectronics [11], as 
novel templates in biomineralization [12], detection of genetic 
disorders [ 13], to mention a few. Generally, surfactant molecules 
containing polar head groups like thiol (-SH), amine (-NH^) etc. 
are used to stabilize nanoparticles to prevent their agglomeration
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to get the quantum dots 114,15]. The propylthiol-functionalized 
MCM-41 material possesses the necessary polar head group 
generally required to stabilize the nanopartides. Further, they 
provide a solid support of w ell-defined pores to the 
nanoclusters.
However, in most of the reports regarding formation and 
stabilization of metallic nanopartides, the hosts used are usually 
passive and do not participate actively in the reduction of metal 
ions to form nanopartides followed by their entrapment in the 
host matrix [16,17]. Some external method, either chemical 
(reduction by borohydride, citrate etc.) or physical (vapor 
deposition, lithography etc.) has to be employed for the 
formation of the nanopartides prior to their stabilization. 
Realizing the immense importance of nanocomposites in various 
future applications, we have developed a novel and ecofriendly 
process for the formation of uniform sized gold nanopartides 
and their sim ultaneous stabilization using propylthiol- 
functionalized MCM-41 materials in a single step. The -SH 
groups bind the nanopartides through covalent interactions, 
thereby avoiding the requirement of external capping agents for 
particle size control [14,15].
2. Experimental
2.7. Synthesis o f siliceous MCM-41 (Si-MCM-41):
The Si-MCM-41 material was synthesized with the following 
initial gel composition, 1.0SiO2:0.32NaOH: 021CTABr: I25H2O
©2004IACS
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(CTABr ~ cctyltnmethylammomium bromide), as described in 
details elsewhere f 18|. The reaction mixture was first stirred at 
nyom temperature for 3 h, transferred to a 250 mL polypropylene 
bottle, and heated at J00®C for 18 h under static condition and 
autogeneous pressure. After the specified duration, the solid 
material was recovered by filtration, washed with copious 
amounts of water and acetone, and calcined at 540"C for 12 h for 
complete removal of the surfactant.
2.2. Graj'ting of thiol functional iry on Si-MCM-4I surface :
1.0 g of the calcined Si-MCM>41 material was suspended on 30 
ml of dry dichloromcthane (CH^CI.,), 0.03 mL of 
dichlorodiphenylsilane (Ph^SiCU) was added to this and stirred 
for I h. The contents were then cooled to -78°C and 1.0 mL of 3- 
mercaptopropyltrimethoxy silane |(CH30)3Si(CH.,).,SH] was 
added drop wise to this slurry, stirred for further 24 h at 40°C, 
filtered, washed several times with dry CH^Cl^ and dried at 
ambient temperature under vacuum.
2.J. In situ reduction o f chloroaurate ions by SH-MCM-41 
material:
1.0 g of the SH-MCM-41 material was treated with 100 mL of 
10*^  M HAuCI^ solution for 96 h at room temperature. After the 
specified duration, the solid material was recovered from the 
mixture, washed thoroughly with copious amounts of water and 
finally dried under vacuum at room temperature. The material 
thus obtained after treatment with AuCl^” is designated as Au- 
SH-MCM-41.
2,4, Characterization of the materials :
Low angle powder X-ray diffraction (XRD) patterns of the 
calcined Si-MCM-41 and SH-MCM-41 materials were recorded 
on a Rigaku D Max III VC instrument with Ni filtered Cu 
radiation (A = 1.5404 A) in the 20 range of 1.5-10“ at a scan rate 
of 17min. The specific surface areas of the SH-MCM-41 and 
Au-SH-MCM-41 samples were determined by the BET method 
[ 19] from Nj adsorption isotherms at -196“C using an Omnisorb 
CX-100 Coulter instrument. Prior to the adsorption experiment, 
the samples were activated at 150°C for 6 h at 1.333 x lO"  ^Pa. 
Pore size distribution of the samples was computed by Barrett- 
Joyner-Halenda (BJH) model [20J. Chemical analysis of the SH-
MCM-41 material was done on a Carlo Erba EAl 108 elemental 
analyzer.
The UV-Vis spectra of the parent SH-MCM-41 and Au-SH- 
MCM-41 hybrid materials were recorded on a Shimadzu UV- 
2101PC spectrophotometer operating on reflection mode at a 
resolution of 2 nm using barium sulphate as a standard for 
background correction. To determine the size of the gold 
nanoparticles, XRD patterns of the Au-SH-MCM-41 hybrid 
material were recorded on a Philips P W 1830 instrument operating 
at 40 kV voltage and a current of 30 mA with Cu radiation 
between 20 ranges 30“ and 45“ at a scan rate of 1 “/min; and the 
mean diameter was calculated by applying Debye-Scherrer 
equation [21]. The Au-SH-MC!M-41 sample was dispersed by 
acetone on Holey carbon grids and transmission electron 
microscopic (TEM) images were scanned on a Jeol Model 1200 
EX instrument operated at an accelerating voltage of 100 kV. 
The X-ray photoelectron spectra (XPS) of the Au-SH-MCM-41 
hybrid material was recorded on a VG MicroTech ESCA 3000 
instrument at a pressure better than 1.333 x 10"  ^Pa. The general 
scan and C l.r. S 2p, Si 2p and Au 4 / core level spectra were 
recorded with unmonochromatized Mg radiation (photon 
energy = 1253.6 eV) at pass energy of 50 eV and electron takeoff 
angle (angle between electron emission direction and surface 
plane) of 60“. The overall resolution of XPS measurement was 
thus -  1 eV. The core level spectra were background corrected 
using the Shirley algorithm [22] and the chemically distinct 
species resolved using a non-linear least squares procedure. 
The core level binding energies were aligned with respect to the 
Au 4/,/, binding energy of 84 eV. X-Ray fluorescence (XRF) 
measurement of the Au-SH-MCM-41 material was performed 
on a Rigaku 3070 sequential wavelength dispersive 
speetrophotometer, with a rhodium target energized at 50 kV 
and 40 mA. The thermogravimctric and differential thermal 
analyses (TG-DTA) of the SH-MCM-41 and Au-SH-MCM-41 
materials were performed on a Seiko Instruments model TG/ 
DTA 32 at a heating rate of 10°C/min.
3. Results and discussion
3.1. A/j adsorption and desorption :
The specific BET surface area, pore volume and mean pore 
diameter calculated from the adsorption isotherms using the 
BJH model tor all the mesoporous samples are summarized in 
Table 1. All the samples showed isotherms of type IV in the 
lUPAC classification [23] having a sharp capillary condensation 
step at around P/Pq= 0.3-0.45 region without hysteresis between
Sample* SA
(m2 g~*)
PD
(A)
PV
(cm^ g” ‘)
1^00
(A) (A)«»
PWT S Au
(A)  ^ (mmol g“*) (mmol
A 883 
B 689
36.79
36.65
l.Ol
0.79
40.11
39.94
46.31
46.12
9.52
9.47
3.21
3.20 0.62
•A = SH-MCM-41. B = Au-SH-MCM-41. \  » 2 4 ,^ 3 .  'FWT = -  PD. "From XRF.
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he adsorption and desorption branches, characteristic o f  M 41S  
vpc ordered mesoporous materials [24 ]. The nature of the N ,
tidsorption isotherms remained the same even after in situ eduction of AuCl^" ions by the mesoporous sample, but leereases of 22 % in the surface area and in the pore volume of ^u-SH-MCM-41 were observed. However, the average pore 
lameters of the sample after entrapment of Au nanoparticles 
id not change considerably. All the results indicate partial filling 
if the mesoporous channels by gold nanoparticles without much 
ilteration in the mesoporosity.
re
.2. Optical properties :
igiire I shows the UV-Vis spectra recorded from the (a) parent 
H-MCM-41 and (b) Au-SH-MCM-41. A strong absorption at 
540 nm is observed for all the mesoporous materials after 
eatment with HAuCl^ solution and is a clear indication of 
eduction of the AuCI^~ ions. Au nanoparticles have a 
haiacteristic absorption band in the visible region of the 
llectromagnetic spectrum at around 520-550 nm due to surface 
flasmon vibrations, which is responsible for the striking violet 
I pink range of colors depending upon particle size [25,26]. 
fhis resonance is absent in the parent SH-MCM-41 material as 
\pcctcd. An additional resonance at ca, 725 nm was observed 
1 case of the Au-SII-MCM-41 (Figure 1, curve b) material, arose 
J*om excitation of longitudinal surface plasmon vibrations due 
I close packing of the gold nanoparticles [27,28] within the 
^csoporous channels, resulted from anchoring of the gold 
anoparticles to the surface of siliceous matrices by the thiol 
iroups.
with the corresponding unit cell parameter (a^  of the different 
MCM-41 samples are given in Table 1. The values are 
calculated by the equation
20 n
Figure 2. Powder X-ray diffraction patterns of (a) Si-MCM-4I, (b) SH- 
MCM-41 and (c) Aii-SH-MrM-41 materials. Inset shows diffraction pattern 
of Au-SH-MCM‘41 material in the region of the Au(l 11) Bragg reflection 
at 2o  = 38,2", the solid line being the Lorentzian fit to the curve.
The diffraction patterns of the Au-SH-MCM-41 material in 
the 20 range of 30-45'' are shown in inset of Figure 2, the solid 
line being the Lorentzian fit to the curve. Under the experimental 
conditions of the XRD experiments (small slit width and 
monochromatized Cu radiation), it was felt that the XRD line- 
shape would be better approximated by a Lorentzian than a 
Gaussian. Indeed, poorer chi-square error values (which denote 
the goodness of fit) were observed while fitting the Au(l 11) 
Bragg reflection to a Gaussian. The mean diameter of the gold 
nanoparticles was calculated by applying Debyc-Scherrer 
equation from the broadening of the Au( 111) Bragg reflection at 
2$ = 38.2®, which yielded the value of ca. 3.2 ± 0.5 nm. This 
value is in accordance with the maximum possible particle size 
that can fairly be accommodated within the channels of SH- 
MCM-41 having mean pore diameter -3.7 nm (Table 1).
3.4. Transmission electron microscopy :
The TEM image of the Au-SH-MCM-41 sample is given in 
Figure 3, inset showing selected area electron diffraction pattern.
ure 1. UV-Vis spectra recorded from the (a) SH-MCM-41 and (b) Au- 
t‘MCM-41 materials.
I
p. X-ray diffraction:
Igure 2 shows the low angle powder X-ray diffraction patterns
(a) Si-MCM-41. (b) SH-MCM-41 and (c) Au-SH-MCM-41, in 
liich the main (100) Bragg reflection along with the weak (110), 
0) and (210) reflections are well visible, indicating high degree 
ordered hexagonal mesopores even after in situ formation of 
>ld nanoparticles within the cavities. The d^f^ values along
50 nm
Figure 3. Transmission electron micrograph o f the Au-SH-MCM-41 
material. The gold nanoparticles are highlighted by arrows in the figure. 
Inset shows selected area electron diffraction pattern.
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The parallel fringes due to side-on view of the long pores of 
MCM-41 are well visible in the image. The selected area electron 
diffraction pattern of the sample exhibits well-defined hexagonal 
maxima, further confirming periodicity of the structure. The 
entrapped gold nanoparticles are highlighted by arrows in the 
figure. The spatial distribution of the nanoparticles to the 
perpendicular direction of the channels was observed to be 
consistent with ptire spacing.
3.5. Chemical characterization o f the samples :
Results of elemental analyses and XRF measurements are 
summarized in Table 1. Figure 4 shows the X-ray photoelcctron 
spectra recorded from the Au-SH-MCM-41 material, insets being 
the S 2p and Au 4 / core level spectra. Strong signals from the 
gold nanoparticles entrapped in the mesoporous network were 
observed. These core levels could be fit to a single spin-orbit 
pair indicating no chemical shifts arising due to complexation 
with -SH groups in the MCM-41 matrix. The S 2p signal from the 
Au-SH-MCM-41 sample could be satisfactorily fit to a single 
spin-orbit pair separated by 1.14 eV. It is interesting to note the 
absence of an additional high binding energy component in the 
S 2p spectrum at ca. 168 eV that is often observed in self- 
assembled monolayers of alkanethiols on silver alloy surfaces
[29], which indicates that the thiol groups are not oxidized to a 
sulfonate species and complexation with gold nanoparticles 
stabilizes them.
0  2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0
Binding energy (eV)
Figure 4. X-ray photoclectron spectra recorded from the Au-SH-MCM- 
41 material. Insets show the S ^  and Au 4 / core level spectra.
3,6. Thermal analyses:
Figure 5 (left axes) shows the TGA data recorded for the 
(A) parent SH-MCM-41, and (B) Au-SH'MCM-41 materials. The 
major features in the TGA curves for the two materials are almost 
similar. The significant weight loss at ca. SSOX in both the cases 
can be attributed to decomposition of the -SH groups from the 
framework. Significant differences are observed in the DTA 
curves (Figure 5, right axes) for the (A) parent and (B) Au-SH- 
MCM-4 1 materials in the high temperature region. An exothermic 
process is observed at ca. 440°C for the Au-SH-MCM-41 material 
(Figure 5B, right axis) which is Cleariy absent in the parent mateial
(Figure 5A, right axis). This exotherm ic process is not 
accompanied by a detectable weight loss as observed in the 
TGA data. This exothermic reaction occurred due to sintering of 
the gold nanoparticles within the porous framework. The 
decomposition of the thiol groups at ca. 330°C facilitates 
diffusion of the free Au nanoparticles within the porous network 
and thereafter, sintering. This clearly indicates cross-linking of 
the colloidal gold nanoparticles, which opens a new strategy 
for the formation o f superstructures o f nanoparticles with 
controllable geometry.
Figure 5. TGA (left axes) and DTA data (right axes) recorded for (A) ilu 
vSH-MCM-4l and (B) the Au-SH-MCM-41 materials.
3.7 Probable pathway for the formation ofgoldnanoparticles
It i.s pertinent here to mention the work of Esumi etal {301 whi 
have dem onstrated that the spontaneous reduction ol 
chloroaurate ions by sugar balls (sugar persubstitiitcd 
poly(amidoamine) dendrimers) occurs via the hydroxyl groups 
present on the outer surface; the hydroxyl groups being 
converted to carbonyl groups thereafter. However the silanoi 
groups of the surfaces of MCM-41 cannot be oxidized further, 
and exact mechanism of the nanoparticle formation requires 
further work to be understood. But the participation of the silanoi 
groups in the reduction process can be established from the 
fact that amorphous (fumed) silica can also form surface bound 
gold nanoparticles in similar conditions, and concentration ot 
gold on silica depends on the number of silanoi groups present j 
on the silica surface [31].
4. Conclusion
From the results it can be concluded gold nanoparticles can be 
conveniently synthesized and stabilized in ordered mesoporous 
siliceous matrices. The silanoi groups present on the surface of 
host m atrices p artic ipa te  in the reduction  o f aqueous 
chloroaurate ions to form the nanoparticles. The pendant -SH 
functional groups residing deep inside the mesopores serve 
subsequently entraps the gold nanoparticles through covaleni 
interactions just after their form ation, thereby perfectly 
accommodating them inside the pores. The mean diameter of 
the supported nanoparticles falls in the particular size range (2- 
5 nm) where gold nanoparticles show excellent catalytic activity 
in variety of reactions. Hence our approach for the preparation 
of supported gold nanoparticles on siliceous matrices offr*^ ^
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distinct advantages in exploiting the catalytic potential of these
materials.
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